INTRODUCTION
M SX1 is a homeobox gene involved in multiple epithelial-mesenchymal interactions during vertebrate embryogenesis, and appears to be most critical during early tooth development. The principle phenotype in Msx1 -/Msx1knockout mice was cleft palate and a failure of tooth development (Satokata and Maas, 1994) . A lack of MSX1 expression reduces the expression of downstream signaling molecules, such as Bone Morphogenetic Protein 4 (BMP4), and transcription factors like LEF1 (Chen et al., 1996) . MSX1 interacts antagonistically with several transcription factors, such as DLX2 and DLX5 (Zhang et al., 1997) , Lhx2 (Bendall et al., 1998) , PAX3 (Bendall et al., 1999) , PAX9 (Vieira et al., 2004; Ogawa et al., 2005) , and binds to a multiprotein transcriptional complex containing TATA-binding protein (TBP), Sp1, or the cAMP-response-element-binding protein (CBP/p300) (Shetty et al., 1999) . MSX1 also associates with histone isoform H1b to inhibit gene transcription during myogenesis (Lee et al., 2004) . It has been proposed that MSX1 expression maintains cyclin D1 expression, preventing cells from exiting the cell cycle (Hu et al., 2001) , and acts as a negative regulator of differentiation (Bendall et al., 1999) .
MSX1 is highly expressed in the mesenchyme of developing tooth germs, particularly during the early (bud and cap) stages (Peters et al., 1998) . Prior to this report, six different MSX1 defects had been reported that cause multiple congenitally missing teeth, or oligodontia (Vastardis et al., 1996; van den Boogaard et al., 2000; Jumlongras et al., 2001; Lidral and Reising, 2002; Nieminen et al., 2003; De Muynck et al., 2004 ). An MSX1 nonsense mutation (p.Ser105stop) also produced cleft lip and palate (CL+P) (van den Boogaard et al., 2000; De Muynck et al., 2004) . Another MSX1 nonsense mutation, p.Ser202stop, produced oligodontia with nail dysplasia (Jumlongras et al., 2001) . The presence of both overlapping (oligodontia) and non-overlapping (CL+P and nail dysplasia) phenotypes suggests that there are contextual influences in the expression and function of MSX1, which presumably relate to the mutations variably interfering with MSX1 interactions with other regulatory molecules, producing unique downstream effects in a tissue-specific manner (Jumlongras et al., 2001) . Abnormalities of the short arm of chromosome 4, causing Wolf-Hirschhorn syndrome, exhibited oligodontia as part of the phenotype only in the five families where the defect included deletion of the MSX1 gene .
Familial tooth agenesis can occur as an isolated anomaly or as part of a genetic syndrome (Gorlin et al., 1990) . Hypodontia, or the developmental absence of at least 1 tooth, is a common oral finding. Third molars are missing to various degrees in different populations, with most estimates finding that about 20% of the population is missing at least one third molar. Agenesis of at least one third molar was found in 22.5% of the 1000 panoramic radiographs examined from a Czech population (Rozkovcova et al., 2004) . Among 4208 orthodontic patients in Germany, 388 patients (9.2%) were missing a total of 826 teeth (excluding wisdom teeth) (Stahl et ABSTRACT Can kindreds with tooth agenesis caused by MSX1 or PAX9 mutations be distinguished by their phenotypes? We have identified an MSX1 frameshift mutation (g.62dupG, p.G22RfsX168) that causes non-syndromic autosomal-dominant oligodontia, featuring the absence of multiple permanent teeth, including all second bicuspids and mandibular central incisors. The dominant phenotype is apparently due to haploinsufficiency. We analyzed patterns of partial tooth agenesis in seven kindreds with defined MSX1 mutations and ten kindreds with defined PAX9 mutations. The probability of missing a particular type of tooth is always bilaterally symmetrical, but differences exist between the maxilla and mandible. MSX1associated oligodontia typically includes missing maxillary and mandibular second bicuspids and maxillary first bicuspids. The most distinguishing feature of MSX1-associated oligodontia is the frequent (75%) absence of maxillary first bicuspids, while the most distinguishing feature of PAX9-associated oligodontia is the frequent (> 80%) absence of the maxillary and mandibular second molars. al., 2003) . MSX1 and PAX9 are involved in the etiology of nonsyndromic partial tooth agenesis, although many other genes are also believed to play a role (Mostowska et al., 2003b) . AXIN2, which encodes a Wnt-signaling regulator, is associated with oligodontia and colorectal neoplasia (Lammi et al., 2004) .
The objective of the present study was to identify the mutation responsible for the familial tooth agenesis in our kindred and to identify genotype/phenotype correlations that could improve our understanding of normal and arrested tooth formation and better prioritize candidate genes based upon the pattern of partial tooth agenesis.
MATERIALS & METHODS

Enrollment of Human Subjects
The study protocol and subject consents were reviewed and approved by the Institutional Review Board at the University of Michigan, and appropriate informed consent was obtained from all subjects. Contact information was unavailable for the affected father, who was not recruited for the study.
Primer Design and Polymerase Chain-reaction (PCR)
A 10-mL quantity of peripheral whole blood was obtained from participating family members. Genomic DNA was isolated by means of the QIAamp DNA Blood Maxi Kit (Qiagen Inc., Valencia, CA, USA). Wild-type MSX1 genomic (Acc# AF426432) and mRNA (Acc# NM_002448) sequences were obtained from GenBank. Oligonucleotide primers to amplify the two MSX1 coding exons by polymerase chain-reaction (PCR) were designed with the use of Primer3 on the Web (http://www-genome.wi.mit.edu/cgibin/primer/primer3_www.cgi). The PCR primers for exon 1, MSX1x1F (5Ј-CTGGCCTCGCCTTATTAGC-3Ј) and MSX1x1R (5Ј-GCCTGGG TTCTGGCTACTC-3Ј), used an annealing temperature of 58°C and generated a 766-bp amplification product. The primers for exon 2, MSX1x2F
(5Ј-ACTTGGCGG CACTCAATATC-3Ј) and MSX1x2R (5Ј-CAGGGAGCAAAGAGGTG AAA-3Ј), had an annealing temp of 57°C and generated a 698-bp amplimer. PCR amplifications used the Platinum PCR supermix (Invitrogen, Carlsbad, CA, USA), and 10% DMSO was added for exon 1 amplification. PCR amplification products were purified by the QIAquick PCR Purification Kit and protocol (Qiagen Inc., Valencia, CA, USA). DNA sequencing was performed at the University of Michigan DNA sequencing core.
RESULTS
An autosomal-dominant trait of oligodontia was determined in a nuclear family having five members ( Fig. 1 ). Two affected (III-1 and III-2) and two unaffected (II-2 and III-3) persons were recruited for the study. Each participant provided a blood sample for DNA analyses and was given physical, oral, and radiographic examinations. The affection status of the proband's father (II-1) and the maternal side of the family was obtained through an interview with the proband's mother (II-2). Subject II-2 and her family had no history of missing teeth except for third molars. Radiographic examination of the unaffected mother showed that she had no third molars, but the rest of the permanent dentition was present. Therefore, missing third molars was considered to be part of the genetic background in this kindred. Excluding the absence of third molars, the proband (III-1, age 11) was missing 6 permanent teeth, and his affected sister (III-2, age 9) was missing 12 ( Fig.  2A) . The unaffected youngest sibling (III-3, age 4) did not show any missing permanent teeth, but, owing to the early stage of development, the presence of second premolars and second and third molars could not be confirmed at that time. No one had a history of missing any primary teeth. Tooth size appeared to be similar in unaffected and affected individuals. Despite the lack of mandibular central incisors and second bicuspids, the proband did not display a generalized spacing of the teeth or significant tilting of the mandibular first molars or incisors. Besides the absence of multiple permanent teeth, no Figure 1 . Oral photographs of the unaffected mother (II-2) and the proband (III-1; age 11) show that the MSX1 mutation (g.62dupG) has no apparent effect on tooth size (top). Panorex radiographs demonstrate that the unaffected mother (II-2) has all of her permanent teeth except the third molars, while the proband (III-1) is missing 6 teeth, and his affected sister (III-2; age 9) is missing 12 teeth, not counting the third molars. A white dot indicates the expected location of a congenitally absent tooth. The pedigree indicates that the oligodontia trait in this family was transmitted from the father to the offspring in an autosomal-dominant pattern of inheritance. DNA sequencing chromatograms (bottom) identified the specific MSX1 frameshift mutation (arrows) in both the forward and reverse directions. This mutation was not observed in the wild-type (Wt) MSX1 gene in the unaffected members of the kindred.
other physical symptoms, such as oral clefting or malformation of the finger-or toenails, were observed. These findings supported the diagnosis of autosomal-dominant nonsyndromic oligodontia.
Mutational Analyses
A G duplication (g.62dupG) was identified in exon 1 of the MSX1 gene (4p16.1) in both the proband and his affected sister (III-2), but not in the unaffected participants (II-2 and III-3). This extra G shifts the translation reading frame after Gly 21 , so that 146 novel amino acids are substituted for the rest of the protein (p.G22RfsX168). The mutant protein would have only 167 amino acids (there are 297 in the native protein), and only the first 21 amino acids would be the same as in the native protein.
Frequency of Tooth Loss with MSX1 Mutations
The normal human permanent dentition is comprised of 32 teeth, which are divided into 4 quadrants, each having 8 teeth. The 4 quadrants are the maxillary right and left and the mandibular right and left. The numbering of the teeth in each quadrant starts with the central incisor (numbered 1) and works back to the third molars (numbered 8). The teeth missing in the two affected individuals in our kindred are shown in Fig. 2A . With this report, there are now 39 individuals with defined MSX1 mutations who have known patterns of tooth agenesis in their permanent dentitions. For a few of these 39 individuals, data are not available for every tooth position, because of the early age of the subject or, in one case, because of the presence of a maxillary complete denture. We compiled the number of missing teeth at each of the 8 positions in the 4 quadrants ( Fig. 2D) and performed chi-square tests to determine if there were statistically significant differences between the number of missing teeth in the 8 sites in the maxillary right quadrant relative to the same sites in the maxillary left quadrant, and between mandibular right and mandibular left quadrants. No statistically significant differences were observed, meaning that for a particular type of tooth (e.g., a maxillary second bicuspid), there is an equal probability of that tooth being missing on the left side as on the right side.
We combined the data for the left and right sides of each arch and performed chi-square tests to determine if there were MSX1 kindred (A) . The number of missing teeth in people with defined MSX1 mutations was compiled for each position in the human dentition (32 teeth) based on the data from this report, as well as from the six previous reports of MSX1 mutations. The MSX1 mutations are summarized in the chart (D) as fractions, with the numerators being the number of missing teeth and the denominators being the number of individuals. There were no statistically significant differences between the numbers of teeth missing on the left and right, so the data for equivalent teeth on the left and right were combined (bottom of D). We plotted the percentage of teeth missing for each position in the maxillary and mandibular arches (B top), and indicated statistically significant differences (p < 0.001) between the maxillary and mandibular arches with asterisks. The number of missing teeth at each position in people with defined PAX9 mutations was compiled from the 8 previous reports of 10 PAX9 mutations (E). As with MSX1, there were no statistically significant differences between the numbers of teeth missing on the left and right, so the data for equivalent teeth on the left and right were combined (bottom of E). In subsequent analyses, we averaged the values for the mandibular central and lateral incisors, since which tooth is missing is often ambiguous. We plotted the percentage of teeth missing for each position in the maxillary and mandibular arches (B bottom), with statistically significant differences (p < 0.001) between the maxillary and mandibular arches marked with asterisks. We plotted the percentage of missing teeth at each maxillary and mandibular position for people with defined MSX1 and PAX9 mutations (C). For each tooth position in the bar graphs (B,C), the bars for the maxillary teeth are on the right, and bars for the mandibular teeth are on the left. Statistically significant differences (p < 0.001) between MSX1 and PAX9 are marked with asterisks in C, and by bold type in D and E. Note that the absence of maxillary first bicuspids (#4) is the most distinguishing feature of an MSX1 mutation, while the absence of second molars (#7) is the most distinguishing feature of PAX9 mutations. Key: 1, central incisor; 2, lateral incisor; 3, cuspid; 4, first bicuspid; 5, second bicuspid; 6, first molar; 7, second molar 8, third molar; ?, not able to be determined; x axis = tooth position; y axis = percent missing. statistically significant differences between the number of missing teeth in the 8 sites of the combined maxillary right and left quadrants (maxillary arch) relative to the same sites in the combined mandibular right and mandibular left quadrants (mandibular arch). Statistically significant differences (p < 0.001) were found at positions 1 (central incisor) and 4 (first bicuspid) ( Figs. 2B top, 2D ). An individual with an MSX1 mutation is more likely to miss a mandibular central incisor than a maxillary central incisor. Among individuals with partial tooth agenesis associated with a defined MSX1 mutation, about 1 out of every 5 mandibular central incisors is missing, while no instances of a missing maxillary central incisor have yet been observed. In addition, persons with an MSX1 deficit miss, on average, 75% of their maxillary first bicuspids, while only about 15% of their mandibular first bicuspids fail to develop.
Frequency of Tooth Loss with PAX9 Mutations
We also compiled the number of missing teeth at each of the 8 positions in the 4 quadrants for individuals with defined PAX9 mutations ( Fig. 2E ) and performed analyses similar to those described above (Stockton et al., 2000; Nieminen et al., 2001; Das et al., 2002 Das et al., , 2003 Frazier-Bowers et al., 2002; Lammi et al., 2003; Mostowska et al., 2003a; Jumlongras et al., 2004) . As with MSX1, there is an equal probability of a given tooth being missing on the left and right sides, so data for the left and right were combined. Statistically significant differences (p < 0.001) were observed between the maxillary and mandibular arches at positions 1 (central incisor), 5 (second bicuspid), and 6 (first molar) ( Figs. 2B bottom, 2E) . Persons with PAX9 deficits are more likely to be missing their mandibular central incisors, maxillary second bicuspids, and maxillary first molars relative to the same teeth in the opposing arch.
Comparing Frequency of Tooth Loss with MSX1 and PAX9 Mutations
We compared the frequency with which each type of tooth in the maxillary and mandibular arches was missing in patients with MSX1 mutations relative to those with PAX9 mutations (Fig. 2C ). Statistically significant differences were observed at 6 positions. Patients with MSX1 defects were more likely to be missing maxillary first bicuspids, maxillary second bicuspids, and mandibular second bicuspids. Patients with PAX9 defects were more likely to be missing maxillary first molars, maxillary second molars, and mandibular second molars.
DISCUSSION
We have identified an MSX1 frameshift mutation in the affected members of a kindred with autosomal-dominant oligodontia without clefting or nail dysplasia. In this family, a G duplication at nucleotide position 62 in exon 1 of MSX1 introduced 146 novel amino acids following the first 21 amino acids, while deleting the normal protein sequence from Gly 22 through Thr 297 . This MSX1 mutation is associated with the absence of multiple permanent teeth, including all second bicuspids and mandibular central incisors. The mutation must be considered a rare MSX1 sequence variation, since it was not observed during the complete sequencing of MSX1 from over 1000 individuals with cleft lip and/or cleft palate, and from over 500 controls of unaffected persons (Jezewski et al., 2003) . Since so little of the native MSX1 protein sequence (21 of 297 amino acids) is synthesized from the mutant allele, the mutant translation product is presumed to be inactive and should not interfere with the DNA-and protein-protein interactions of MSX1 expressed from the wild-type allele. Therefore, we propose that the dominant phenotype of partial tooth agenesis in our kindred is due to haploinsufficiency, rather than a dominant-negative mechanism.
In our MSX1 kindred, missing third molars were observed in affected and unaffected individuals and were considered to be part of the genetic background. Our analysis shows that MSX1 and PAX9 kindreds have a high, but equal, probability of missing third molars, so the absence of third molars is not a useful indicator of which gene (MSX1 or PAX9) is likely to be affected in a given kindred. Analysis of the data for the seven MSX1-deficient kindreds shows that the teeth most likely to be absent were the maxillary and mandibular second bicuspids (91-97%), and the maxillary first bicuspids (75%). All teeth were equally likely to be missing from the left and right sides, which also appears to be true of hypodontia in general (Stahl et al., 2003) .
The characterization of additional genes and the mutations that cause oligodontia should improve our ability to prioritize the list of candidate genes based upon the specific pattern of partial tooth agenesis in a kindred. Currently, the developmental absence of maxillary and mandibular second bicuspids and maxillary first bicuspids, while most mandibular first bicuspids are retained, appears to be the pattern of tooth agenesis that best indicates the presence of an MSX1 mutation. In contrast, patients with PAX9 mutations typically show agenesis of almost all of their molars, with the absence of second molars best distinguishing them from persons with MSX1 defects. Furthermore, a history of missing primary teeth has been reported in some PAX9 kindreds (Nieminen et al., 2001; Das et al., 2002) , but never in MSX1 kindreds.
Very recently, a mutation in the PAX9 translation initiation codon has been reported (Klein et al., 2005) . In the two affected individuals for whom data was provided, there was a history of missing primary teeth, while all of the molars (as well as many other teeth) were absent. This further supports these criteria as being able to distinguish accurately between MSX1 and PAX9 mutations, based upon the dental phenotype.
